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The unexpectedly large outbreak of Middle East respiratory
syndrome in South Korea in 2015 was initiated by an in-
fected traveler and amplified by several “superspreading”
events. Previously, we reported the emergence and spread
of mutant Middle East respiratory syndrome coronavirus
bearing spike mutations (1529T or D510G) with reduced
affinity to human receptor CD26 during the outbreak. To
assess the potential association of spike mutations with
superspreading events, we collected virus genetic informa-
tion reported during the outbreak and systemically analyzed
the relationship of spike sequences and epidemiology. We
found sequential emergence of the spike mutations in 2 su-
perspreaders. In vivo virulence of the mutant viruses seems
to decline in human patients, as assessed by fever duration
in affected persons. In addition, neutralizing activity against
these 2 mutant viruses in serum samples from mice immu-
nized with wild-type spike antigen were gradually reduced,
suggesting emergence and wide spread of neutralization
escapers during the outbreak.

iddle East respiratory syndrome coronavirus
(MERS-CoV) is a newly emerging zoonotic patho-
gen that causes an acute and fatal respiratory disease (/).
The viral pathogen was first identified in September 2012

Author affiliations: Chungnam National University School of
Medicine, Daejeon, South Korea (Y.-S. Kim); Seoul National
University College of Medicine, Seoul, South Korea (A. Aigerim,
U. Park, Y. Kim, W.B. Park, S.W. Park, E.-S. Hwang, M.-S. Choi,
N.-H. Cho); Dankook University College of Medicine, Cheonan,
South Korea (J.-Y. Rhee); Seoul Medical Center, Seoul

(J.-P. Choi); National Medical Center, Seoul (Y. Kim, D.-G. Lim,
H.S. Shin); Kyung Hee University, Seoul (K.-S. Inn); Seoul
National University Medical Research Center and Bundang
Hospital, Seoul (N.-H. Cho)

DOI: https://doi.org/10.3201/eid2506.181722

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 25, No. 6, June 2019

in an acute pneumonia patient in Saudi Arabia and has
since been associated with 2,279 confirmed cases (with a
death rate of =35.4%) in 27 countries as of March 2019
(https://www.who.int/emergencies/mers-cov). Although
primary transmission of MERS-CoV to humans is linked
to contact with dromedary camels, up to 50% of outbreak
cases have been associated with human-to-human trans-
mission, especially in healthcare settings (/). During
May—July 2015, an unexpectedly large outbreak of MERS
swept South Korea, resulting in 186 confirmed cases and
38 deaths (death rate 20.4%). This outbreak was initiated
by an infected traveler from the Middle East region and
amplified by several “superspreading” events (defined as
>4 human-to-human transmissions) in healthcare settings
(2). Three superspreaders (P001, PO14, and P016) were
epidemiologically linked to 73.1% of the human transmis-
sions and infected 28, 85, and 23 subjects, respectively.
Even though nosocomial superspreading might be fa-
cilitated by delayed diagnosis and poor infection control
in healthcare facilities (/), the contribution of biologic
factors, including host responses and virologic changes,
has been poorly characterized. In addition, superspread-
ing events continue to sporadically arise and lead to un-
expectedly large outbreaks of MERS (2—4). Therefore,
host—pathogen interactions driving virus evolution and
human adaptation, which are potentially associated with
rare superspreading events during host changes of the en-
zoonotic virus (3), need to be further investigated.

In previous studies, we reported the emergence and
spread of mutant MERS-CoV bearing spike mutations
(I529T or D510G) in receptor binding domain (RBD) with
reduced affinity to human CD26 receptor during the South
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Korea outbreak (6). These unexpected findings suggest that
MERS-CoV adaptation during human-to-human spread
might be driven by host immunologic pressure, such as
neutralizing antibodies (7—9), that result in impaired virus
fitness and virulence, rather than positive selection for a
better affinity to CD26. A recent report also showed that
changes in D510G and 1529T reduced spike protein bind-
ing to CD26 and diminished virus entry (/0).

To assess the potential contribution of new emerging
mutations to superspreading events, we collected virus
genetic information reported during the South Korea out-
break and systemically analyzed its variations, especially
spike sequences, in relationship to individual disease se-
verity and epidemiology. We also attempted to confirm
whether the spike mutations affect virus dynamics in an
in vitro infection model and virus escape from neutral-
izing antibody responses by using serum samples from
mice immunized with wild-type spike antigen and from
MERS patients in South Korea who had been infected
with wild-type virus. Systemic overview of clinical and
virologic data obtained during the transient but large out-
break driven by unexpected superspreading events among
humans might provide novel insight into understanding
the evolutionary pathways of the emerging coronavirus
during animal-to-human transmission.

Materials and Methods

Study Design and Ethics
We collected genetic information on spike genes of MERS-
CoV analyzed in the patients’ specimens from the National
Center for Biotechnology Information (http://www.ncbi.
nlm.nih.gov/) and a previous analysis by Park et al. (/7).
As of January 31, 2018, a total of 75 spike gene sequences
from 48 patients in South Korea were available for analy-
sis (Appendix Tables 1, 2, https://wwwnc.cdc.gov/EID/
article/25/6/18-1722-Appl.pdf). Baseline characteristics
of the patients are summarized (Table; Appendix Table 1).
Clinical data and serum samples (from P002, P009, and
P010) obtained from the MERS patients were used in this
study. Experimental methods are described more fully in
the Appendix.

Ethics approval was granted by the institutional review
boards of Chungnam National University Hospital (ap-
proval no. CNUH2017-12-004), National Medical Center

(approval no. H-1510-059-007), Seoul National Univer-
sity Hospital (approval nos. 1509-103-705 and 1511-117-
723), Seoul National University Boramae Medical Center
(approval no. 26-2016-8), Seoul Medical Center (approval
no. Seoul 2015-12-102), and Dankook University Hospi-
tal (approval no. DKUH2016-02-014).

This study was conducted in accordance with the ethi-
cal standards laid down in the 1964 Declaration of Hel-
sinki and all subsequent revisions. Animal experiments
were approved by the Seoul National University Institu-
tional Animal Care and Use Committee (permit no. SNU-
170828-1-2) and performed in strict accordance with the
recommendations in South Korea’s National Guideline for
the Care and Use of Laboratory Animals.

Results

We collected and analyzed genetic information of spike
genes reported during the South Korea outbreak. All the
information on the spike mutations in 48 patients and their
sampling dates are summarized in Appendix Tables 1 and
2. The timelines of the detection of spike mutations are
depicted in Figure 1. We focused on 2 mutations (D510G
and [529T) in the RBD region because these 2 novel muta-
tions substantially reduced MERS-CoV affinity to human
receptor CD26 and were observed in multiple patients
during the outbreak (6). In addition, no nonsynonymous
spike mutation was consistently associated with the 2
spike mutations (Appendix Table 2). Wild-type MERS-
CoV was detected in the index patient (P001) on May 19,
2015; however, the I529T mutation was observed 3 days
later (May 22, 2015), suggesting that the [529T mutation
emerged within 11 days after symptom onset. The poten-
tial change in spike gene is consistent with the fact that
early contactors (P002, P009, and P010) with P001 also
carried the wild-type virus, but most of the subsequent
patients, including 2 superspreaders (PO14 and P016),
were infected with I529T mutant viruses. Moreover, the
second mutation (D510G) was first detected in P014.
The respiratory sample collected from P014 on June 1,
2015, included mixed spike sequences (wild-type, 1529T,
or D510G) and a rare double mutation (D510G-1529T)
(11). Even though most of the patients infected by P014
carried MERS-CoV with the 1529T mutation, the second
mutant D510G was transiently or consistently observed
in some of the tertiary and quaternary cases (P050, P066,

Table. Baseline characteristics of MERS patients and associated MERS coronavirus spike genotypes identified from the 2015 MERS

outbreak in South Korea*

No. (%) patients Patient age, y,

No. associated spike genotypes

Severity group Men Women mean + SD WT 1529T D510G ~ WT-I529T WT-1529T-D510G
| 3 (50.0) 3 (50.0) 54 +13 1 2 1 1 1
Il 9 (47.4) 10 (52.6) 46 + 11 0 10 2 6 1
I} 8 (75.0) 4 (25.0) 48 +12 3 4 0 4 1
[\ 7 (63.6) 4 (36.4) 68 + 13 1 6 0 3 1

*MERS, Middle East respiratory syndrome; WT, wild-type.
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P080, P122, P155, and P168) (/7). These results indicate
that PO14 initially harbored mixed wild-type and 1529T
mutant viruses and generated the D510G mutation, but
the I529T mutant virus dominated the exposure period. In
addition, this patient spread both mutants simultaneously
during subsequent human-to-human transmission. The
D510G mutant was detected only in the patient group in-
fected by PO14 but not in those infected by POO1 or PO16,
further indicating that PO14 is the probable origin of the
D510G mutation. The I529T mutant was initially domi-

Neutralization Escape MERS-CoV Mutants

nant in 2 patients (P077 and P080), but wild-type MERS-
CoV later overtook as the major population, suggesting a
fluctuation of wild-type and mutant viruses in the hosts.
Whether spike mutations of MERS-CoV are associ-
ated with disease morbidity has not yet been determined.
We reviewed the clinical data of 48 patients for whom
virus spike sequence information was available and clas-
sified them into 4 groups on the basis of disease severity
and death rates during the MERS outbreak (Table; Ap-
pendix Table 1) (/2). Group I includes 6 persons who
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Figure 1. Emergence and spread of Middle East respiratory syndrome coronavirus (MERS-CoV) bearing the 1529T or D510G
mutation in the spike protein during the 2015 outbreak in South Korea. Transmission chain of infection and the timeline of potential
virus exposure, symptom onset, date of specimen collection from patients, and identified mutation in the spike protein of MERS-CoV
analyzed in this study. Case-patients’ IDs are colored on the basis of disease severity (gray, group |; black, group Il; pink, group IlI;
red, group V). Spike sequences analyzed by targeted deep sequencing (70) are denoted as a square with black (single genotype) or
red (mixed genotypes with wild-type) borderline. Others are marked as circles (direct sequencing). Detailed information on patients’
characteristics and their associated spike sequences of MERS-CoV are available in Appendix Tables 1 and 2 (https://wwwnc.cdc.gov/

EID/article/25/6/18-1722-App1.pdf). WT, wild-type.
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Figure 2. Effect of spike
mutations in Middle East
respiratory syndrome
coronavirus (MERS-CoV) on
fever duration and virus growth in
vitro during the 2015 outbreak in
South Korea. A) Fever duration
of 48 patients for whom virus
spike sequence information is
available is presented depending
on the associated spike
genotypes. B) Fever duration of
patient group associated with WT
virus, including mixed infection

(n = 23) and those infected C
only with either of the mutant

viruses (n = 25). Mean value of

each group is indicated by red

lines. Baseline information of

the patients and their associated
MERS-CoV spike sequences are
summarized in online Appendix

Table 1 (https://wwwnc.cdc.gov/
ElD/article/25/6/18-1722-App1.

p = 0.0654

>
d
3
v o)
d
3

S

o

S

o
L

o
\
@
(
@

Fever duration
8
&%
B
0

Fever duration,
N
o
)
'o#o

WT MUT

WT 1529T
: —

pdf). C, D) Distribution of viral ~_ 1.5 5 *kk ~
plaque sizes in Vero cells (panel E - 1 E
C: WT, n =48; 1529T, n = 58) or <101 @ P -
293T-CD26 cells (panel D: WT, o - .m oo Q
n = 65; 1529T, n = 55) infected ‘» o )
with MERS-CoV bearing WT or g 0.5 1 m— g
1529T mutant spike at 3 days o 008 o
after infection. Representative ) °® 00 9
results of plaque assay are & o : T B
presented in the upper panels, WT 1529T

and size distribution of viral
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WT, wild-type. ***p<0.001, *p<0.05. Scale bar indicates 100 um.

were asymptomatic or had fever without pneumonia. more prolonged and severe pneumonia are classified as
Group II includes 19 patients who had mild pneumonia  group III. Group III subjects experienced hypoxemia and
without hypoxemia. Twelve persons who recovered from  were treated with oxygen during hospitalization. Eleven
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patients who died from acute respiratory distress syn-
drome are classified as group IV. Baseline characteristics
of the patients, including exposure period, date of symp-
tom onset, and fever duration, are summarized (Figure
1; Appendix Table 1). Initially, we assessed the poten-
tial association of spike mutations with disease severity
(Table), but could not observe any statistically significant
association of MERS severity with spike mutations or
mixed spike genotype infection. However, the average
days of fever duration in MERS patients was generally
longer in cases associated with wild-type virus (mean +
SD, 18 + 6 days) or mixed infection including wild-type
(mean + SD, 16 + 14 days) compared with fevers in pa-
tients infected only with I520T (mean + SD, 11 + 8 days)
or D510G (mean + SD, 10 + 8) mutant (Figure 2, panel
A). Even though differences in fever duration between the
patient group associated with wild-type virus, including
mixed infection (17 + 12 days), and those infected only
with either of the mutant viruses (mean + SD, 11 + 7 days)
are statistically marginal (p = 0.0654) (Figure 2, panel B),
potentially because of limited data, the reduction of fever
duration in patients associated only with the primary and
secondary mutations seems to be consistent.

Because the disease severity and case-fatality rate of
MERS is associated with viral load (/2), we next exam-
ined whether mutant viruses with reduced affinity to hu-
man CD26 receptor had also reduced cell-to-cell spread,
virus growth, or both. We performed plaque-forming as-
say in vitro and compared viral plaques between wild-type
and I529T MERS-CoV. The average size of viral plaques
formed by I1529T mutant MERS-CoV (mean + SD, 0.49 +
0.15 mm?) was significantly smaller (=23%) than that of
wild-type virus (mean + SD, 0.64 + 0.21 mm?) in Vero E6
cells (Figure 2, panel C). It was consistently observed in a
human embryonic kidney cell line, 293T cells overexpress-
ing human CD26 (293T-CD26) (Figure 2, panel D). The
average size of plaques induced by [529T mutant (mean +
SD, 0.08 + 0.07 mm?) was also smaller (=25%) than that of
wild-type MERS-CoV (mean + SD, 0.06 + 0.05 mm?) in
293T-CD26 cells. These results clearly indicate that spike
mutation generated during the South Korea outbreak have
reduced transmissibility, reduced growth rate, or both in an
in vitro infection model.

To examine whether the spike mutations affect sen-
sitivity to the neutralizing activity of antibodies against
wild-type spike, we investigated whether the antibodies
generated in mice immunized with wild-type spike antigen
are able to neutralize the spike mutant viruses as efficient-
ly as wild-type virus. We performed a 50% pseudopar-
ticle neutralization test assay on wild-type and mutant
spike-pseudotyped lentiviruses and then compared their
neutralizing efficacy. Average titers of serum samples
from the immunized mice showed gradually decreased
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neutralization of 1529T (mean + SD, 1,727 + 897) or
D510G mutant viruses (1,009 + 482) than wild-type virus
(mean + SD, 2,629 + 1,384) (Figure 3, panel A), dem-
onstrating that the mutant viruses are neutralization es-
capers. Finally, we measured the neutralizing antibody
titers (using a 50% plaque reduction neutralization test
[PRNT,]) against MERS-CoV bearing wild-type and
[529T mutant in serum samples from the 3 recovered pa-
tients (P002, P009, and P010) who carried only wild-type
MERS-CoV. Neutralizing efficacy (PRNT,, titers) of the
serum samples against wild-type MERS-CoV were con-
sistently higher than those against I529T mutant MERS-
CoV (Figure 3, panel B). Average PRNT, titers of the 3
serum samples against wild-type (mean + SD, 2,943 +
2,994) were 3.3-fold higher than those against I529T mu-
tant MERS-CoV (mean + SD, 888 + 723), indicating that
I529T mutant MERS-CoV escapes better from neutral-
izing antibodies generated by infection with wild-type vi-
rus. PRNT, titers of serum samples from P009 and P010,
who had more severe disease, were higher than those of
P002, who had only mild symptoms.

Discussion

Even though multiple environmental and behavioral fac-
tors might be associated with the zoonotic coronavirus out-
breaks in human populations, the advent of “superspread-
ers” that cause a large number of new infections during the
early stage of an outbreak might play a critical amplify-
ing role (/3). Such superspreading persons have been well
documented in a previous severe acute respiratory syn-
drome (SARS) epidemic and recent ongoing MERS out-
breaks (/3). Although the underlying biologic causes and
determinants of superspreading are still poorly understood,
superspreading events of zoonotic coronaviruses might be
related to higher levels of virus shedding for prolonged pe-
riods of uncontrolled exposure to susceptible contacts early
in the outbreak, before the need for infection control is ap-
preciated (5). Our study systemically assesses MERS-CoV
genetic changes during the 2015 MERS outbreak in Korea
and highlights potential biologic factors associated with the
short-term evolutionary pathway of zoonotic coronavirus
adapting to the human population in the context of super-
spreading events.

Microevolution toward reduced host affinity of
MERS-CoV might be associated with host antibody re-
sponses. In this study, we showed that antibodies generated
in immunized mice with wild-type spike antigen or in hu-
man patients who had recovered from wild-type MERS-
CoV infection were generally less efficient at neutralizing
the mutant virus bearing I529T or D510G spike mutations
than wild-type virus (Figure 3). In addition, in vitro virus
growth of I529T mutant MERS-CoV, its cell-to-cell spread,
or both are significantly reduced compared with that of
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wild-type virus (Figure 2, panel C and D). Given that there
are only 2 amino acid differences in spike RBD (I529T
and V534L) and 5 nonsynonymous nucleotide changes
throughout the whole virus genome (GenBank accession
no. KT029139.1 for wild-type and KT868873.1 for 1529T
mutant) between the wild-type and I529T mutant isolates
from Korea used in this study, the difference in plaque sizes
is primarily attributable to the spike mutation (Appendix
Table 3). A recent study demonstrated that changes D510G
or [529T increased resistance of spike protein—driven entry
to neutralization by monoclonal antibodies and serum from
MERS patients (/0). The study also confirmed that changes
D510G or I1529T reduced spike protein binding to CD26 but
showed that this reduction only translates into diminished
virus entry when expression of CD26 on target cells is low
(10). Neither mutation modulated spike protein binding to
sialic acids, spike protein activation by host cell proteases,
or inhibition of spike protein—driven entry by interferon-
induced transmembrane proteins (/0). In this study, how-
ever, we consistently observed that the average size of viral
plaques formed by the mutant MERS-CoV bearing 1529T
mutation was significantly reduced in 2 types of permissive
cells, Vero E6 and HEK293T-CD26 cells expressing high
levels of CD26 (14,15), compared with that of wild-type
MERS-CoV (Figure 2C and 2D).

Because a previous study employed a pseudotyped
vesicular stomatitis virus system bearing wild-type or
mutant MERS-CoV spike proteins (/0), our current result
using MERS-CoV isolated from human patients might
reflect more intrinsic characteristics of spike protein in
the context of the natural form of MERS-CoV. Further
studies are needed to characterize the effect of the spike
mutations on virus growth or spread in in vitro and in vivo
infection systems.

The emergence of spike mutations that affect affinity
to host receptors might be a critical cause of superspread-
ing events. A similar observation was made regarding the
2002-2003 SARS epidemic (/3). However, those muta-
tions generally enhanced the affinity of spike to human
receptor ACE2 and was detected from the beginning of hu-
man-to-human transmission (/6—19). Both the 2002-2003
SARS epidemic and the 2015 MERS outbreak in South
Korea were associated virus mutations that change affin-
ity to human receptors, but in opposing ways: SARS-CoV
acquires mutations to replicate more efficiently and be-
come more pathogenic (/3), whereas MERS-CoV mutants,
which have less affinity to receptors on human cells and
potentially less pathogenicity, emerged in superspreaders
during the outbreak in South Korea.

A recent study reported that both MERS-CoV and
SARS-CoV spike trimers have inherently flexible RBD
structure with 2 states (buried flat or exposed in a stand-
ing position) as observed by cryoelectron microscopic
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analysis (20). That study proposed that 1 CD26 molecule
might cross-link 2 MERS-CoV spike trimers by bind-
ing to standing RBDs, 1 from each trimer, whereas the
monomeric ACE2 receptor will bind to the SARS-CoV
spike trimer with 1 receptor to 1 spike trimer, enabling
MERS-CoV to have higher avidity to receptor binding
than SARS-CoV (20). Inherent differences in avidity to
the cellular receptors of spike trimers might partially
explain why these 2 animal coronaviruses evolved in
opposing directions in terms of receptor affinity when
they switch hosts to the human population; spike muta-
tions with higher affinity might be the only way to ensure
successful human-to-human transmission in SARS-CoV
with intrinsic lower avidity, whereas the higher spike
avidity of MERS-CoV might afford the virus to have
spike mutations with lower affinity to human receptors
for increased antibody escape. Therefore, a vaccine im-
munogen designed to broadly raise neutralizing antibod-
ies would preferably target the conserved and surface
exposed stem region rather than RBD (20). Recently, a
study showed that single mutations can make influenza
virus completely resistant to both narrow strain-specific
antibodies and a broad antibody that targets residues in
hemagglutinin RBD, whereas broad antibodies to hem-
agglutinin’s stalk are more resistant to virus escape
through single mutations (27).

The microevolution of spike genes in MERS-CoV
toward reduced human affinity but enhanced escape from
neutralizing antibodies in a single patient might increase
the probability of a spreading event by extending the vi-
rus replication period in the host. The 3 superspreaders in
South Korea (P001, P014, and P016) belong to group III
and had severe and prolonged viral pneumonia (2). The
group III patients produced a significantly higher number
of viruses in their respiratory secretions for longer periods
than patients with milder cases (/2,22). The superspread-
ers in South Korea were suspected to produce MERS-CoV
with high copy numbers (10°-10° copies/mL) in their respi-
ratory secretions during the early phase of MERS symptom
development (/2,22,23) and exposure to susceptible con-
tacts for 9—11 days (2). They were also positive for virus
in their respiratory secretions for prolonged periods (44,
30, and 27 days, respectively, after symptom onset) even
after isolation (/2,22,24). In addition, a new spike mutant
emerged in the index patient (P001) and PO14, who com-
bined infected >80 patients, within 2 weeks after symptom
onset, such that they harbored mixed infection with wild-
type and spike mutant viruses. Consequently, POO1 and
P014 spread mixed viruses during the early phase of the
outbreak (Figure 1) (/7).

Mixed infection with wild-type and spike mutant vi-
ruses was confirmed in the majority of the tertiary case-pa-
tients infected by PO14 by targeted deep sequencing, and the
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intrapatient heterogeneity of MERS-CoVs was the highest
in superspreader specimens (/7). Although the frequency of
D510G and I529T varied greatly among specimens analyzed
using targeted deep sequencing, the combined frequency of
the single mutants was consistently high (=88% on average),
whereas the frequency of the wild-type was low (=7% on
average), supporting the hypothesis that selective pressure
exerted by host neutralizing antibody responses played a
critical role in shaping genetic variants (/7).

Fluctuations of wild-type population with higher af-
finity to host and mutant viruses that can escape neutraliz-
ing antibodies in a single person might facilitate sustained
virus replication with higher loads. Wild-type virus was
dominant in several tertiary patients (e.g., P077 and P080)
at the later stage of infection, although mutant virus was
the major population in the earlier stage (Figure 1). P077
had hypotension, chronic respiratory disease, and pancre-
atitis. PO80 had lymphoma and respiratory illness before
infection by P014. PO77 died 13 days after symptom on-
set, and PO80 died of lymphoma 174 days after symptom
onset. In both cases, wild-type and mutant viruses were
detected initially (/7), suggesting a mixed infection from
P014, and the patient might have suffered from immuno-
suppression upon virus infection either by initial high vi-
ral load (in the case of P077), as observed in other fatal
cases (/2), or by previous cancer treatment (in the case of
P080). Failing adaptive immunity in these patients might
provide a specific environment that allowed wild-type
virus with higher affinity to host to resurge among the
mixed population in the later stage of infection. Indeed,
serial samples from P077 and PO80 show a substantial
decrease in normalized leukocyte count and a simultane-
ous increase in the frequency of the wild-type allele (/7).
Again, these results suggest that the selection pressure
exerted by the host immune response might favor variants
with reduced affinity to the host receptor, but wild-type
virus with high affinity is dominant when immune pres-
sure is reduced.

Taken together, the emergence of antibody escaping
mutants under mounting immunologic pressure in a host
might ensure sustained virus replication, higher virus shed-
ding into respiratory secretions for longer periods, and de-
lay in antigen-specific immunity, thereby increasing the
probability of a patient becoming a superspreader. Never-
theless, this evolutionary pathway of coronaviruses during
human-to-human spread might result in serial decrease of
host affinity and pathogenicity, as well as milder respira-
tory symptoms, if their transmission in the human popula-
tion is not properly restricted at the initial outbreak stage.
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Appendix

Materials and Methods

Middle East Respiratory Syndrome Coronavirus Culture and Plaque Assay

Wild-type Middle East respiratory syndrome coronavirus (MERS-CoV) or 1529T mutant
MERS-CoV isolated from patients in South Korea (GenBank accession nos. KT029139.1 for
wild type and KT868873.1 for 1529T mutant) were cultured in a 24-well plate containing a
monolayer of Vero E6 cells or 293T cells stably expressing CD26 (1). After 1 h incubation at
37°C, viral supernatant was removed and cells were overlaid with 1 mL of 1% methylcellulose in
Dulbecco modified Eagle medium, including 10% fetal bovine serum. Plates were incubated for
3dat 37°C, and then cells were fixed with 4% paraformaldehyde and 100% methanol. The
MERS-CoV plaques were detected using rabbit anti-MERS-CoV N protein antibody (Sino
Biologic Inc.) and goat anti-rabbit IgG secondary antibody conjugated with horseradish
peroxidase (Invitrogen; https://www.thermofisher.com/us/en/home/brands/invitrogen.html).
Viral plaques were visualized by incubation with 0.05% 3'3-diaminobenzidine
tetrahydrochloride and 0.01% hydrogen peroxide in 50 mmol/L Tris-HCI (pH 8.0). Cellular

layers were counterstained with trypan blue dye.

Neutralizing Antibody Assays

Pseudotyped lentiviruses with wild type or mutant spikes of MERS-CoV were generated
from 293T cells (Invitrogen) by cotransfection of human immunodeficiency virus backbone
plasmids expressing firefly luciferase as previously described (1). We used the packaging
plasmids, pLP1, pLP2, and pLP/VVSV-G (Invitrogen) and pLVX-Luc-IRES-ZsGreenl (Clontech;

https://www.takarabio.com). For spike protein pseudotyping, condon-optimized cDNA of the
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spike gene (Sino Biological; https://www.sinobiological.com) was cloned into pcDNA3 after
deleting an ER/Golgi retention motif and an endosomal recycling motif from the cytoplasmic tail
(2) for transfection instead of pLP/VSV-G. A plasmid carrying the gene encoding the 1529T or
D510G mutation in spike protein was generated by using the QuikChange kit (Stratagene;
http://go.strategene.org/genetic-analysis) based on the wild-type construct, and the point
mutation was confirmed by sequencing. Viral supernatants were harvested 48 h after transfection
and normalized by p24 ELISA kit (Clontech) before infecting 293T cells expressing human
CD26 (293T-CD26) (1).

To assess the neutralizing activity by spike pseudoparticle neutralization assay (3),
pseudoviruses (0.1 multiplicity of infection) were preincubated with serially diluted serum
samples from mice immunized three times with wild-type spike antigen (Sino Biologic Inc.) at
4°C for 1 h. Subsequently, the infected 293T-CD26 cells were lysed 48 h after infection, and the
efficiency of viral entry was measured by comparing luciferase activity. The relative luciferase
activity in cell lysates was measured using a luciferase assay kit (Promega;
https://www.promega.com) and Infinite 200 PRO microplate reader (Tecan;
https://lifesciences.tecan.com). Neutralization titers of collected serum samples against MERS-
CoV were also determined by a plaque reduction neutralization titer assay. Each serum sample
collected from convalescent-phase patient was serially diluted and incubated with wild-type
MERS-CoV or 1529T mutant MERS-CoV (0.004 multiplicity of infection) for 1 h at 4°C. The
viruses were then added to a 24-well plate containing a monolayer of Vero EG6 cells in duplicate.
After 1 h incubation at 37°C, viral supernatant was removed and cells were overlaid with 1 mL
of 1% methylcellulose in Dulbecco modified Eagle medium including 10% fetal bovine serum.
Viral plaques were visualized as described above. The percentage of plaque reduction was
calculated as [(no. of plagues without antibody) — (no. of plaques with antibody)] / (no. of
plaques without antibody) x 100. The 50% pseudoparticle neutralization assay nd 50% plaque
reduction neutralization titers were calculated by a nonlinear regression analysis (log[inhibitor]
versus normalized response method) embedded in GraphPad Prism Software v5.01 (GraphPad

Software; https://www.graphpad.com).

Statistical Analysis
Data were analyzed using GraphPad Prism Software. Statistical analysis was performed

using a 2-tailed Student t-test or one-way analysis of variance, followed by the Newman—Keuls
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t-test for comparisons of values among different groups. p<0.05 was considered statistically

significant.
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Appendix Table 1. Baseline characteristics of Middle East respiratory syndrome patients and spike mutations associated with the

patients*
Plausible Clinical Fever Sampling GenBank MERS-CoV spike
Patient ID Se Age, y source severity  duration, d date accession no. mutationst
PO01 M 68 3 54 2015 May 19  KT182958.1 WT
2015 May 22 KT326819.1 1529T
P002 F 63 1 1 10 2015 May 20  KT029139.1 WT
P009 M 55 1 3 25 2015 May 28  KT182953.1 WT
P010 M 44 1 3 14 2015 May 27  KT006149.2 WT
2015 May 28  KT036372.1 WT
P012 F 49 1 2 9 2015 May 28  KT182954.1 1529T
P013 M 49 1 2 1 2015 May 28  KT182955.1 1529T
P014 M 35 1 3 16 2015 May 30  KX034093.1 1529T
2015 May 31  KT374052.1 1529T
2015 Jun 1 T WT/I529T/D510G
2015Jun 13 KT374053.1 1529T
P015 M 35 1 2 7 2015 May 30  KT182956.1 1529T
P016 M 41 1 3 13 2015Jun 11 KT868865.1 1529T
P023 M 73 16 4 5 2015Jun 11 KT868866.1 1529T
P024 M 78 16 4 0 2015Jun8  KT868867.1 1529T
P030 M 60 16 2 23 2015Jun8  KT868868.1 1529T
PO31 M 69 16 4 17 2015Jun 11 KT868869.1 1529T
P035 M 38 14 3 ? 2015Jun3  KT374054.1 1529T
2015Jun8  KU308549.1
2015 Jun 18 KT374055.1
P038 M 49 16 4 19 2015Jun 10 KT868870.1 WT
P042 F 54 1-11 4 ? 2015 May 30 KT182957.1 1529T
P048 M 38 14 2 12 2015 May 30 ¢ 1529T
P050 F 80 14 4 26 2015Jun 11 ¢ WT/1529T/D510G
2015Jun 11 KX034094.1 D510G
2015Jun26 t 1529T
P054 F 63 16 3 16 2015Jun9  KT868871.1 1529T
P061 M 55 14 3 27 2015Jun 17 1 1529T
P062 M 51 14 1 5 2015Jun 11 ¢ 1529T
P066 F 42 14 2 16 2015Jun4 ¢ D510G
2015 Jul 4 KX034095.1 D510G
P068 F 55 14 2 6 2015Jun4 ¢ 1529T
PO75 M 62 14 2 1 2015Jun15 ¢ 1529T
PO77 M 63 14 4 10 2015Jun5 1529T
2015Jun 17 ¢ WT/1529T
2015 Jun 17  KX034096.1 1529T
P078 F 41 14 2 9 2015Jun11 t 1529T
P080 M 34 14 2 20 2015Jun5 ¢ 1529T
2015Jun 11l ¢ WT/D510G
2015Jun 17 1 WT/D510G
2015 Jun 17  KX034097.1 D510G
2015Jun22 ¢ WT
P082 F 83 16 4 13 2015Jun 10 KT868872.1 1529T
P085 F 66 16 1 1 2015Jun 10 KT868873.1 1529T
P099 M 48 14 2 9 2015Jun6 ¢ 1529T
2015Jun11 t 1529T
P100 F 32 14 2 10 2015Jun9 ¢ 1529T
P101 M 85 14 4 20 2015Jun9 ¢ 1529T
P102 F 48 14 2 7 2015Jun7 t 1529T
2015Jun12 ¢ 1529T
P103 M 66 14 2 4 2015Jun7 ¢ 1529T
P110 F 57 14 2 20 2015Jun 11 KT868874.1 1529T
P122 F 55 14 2 13 2015Jun 10 KT868875.1 D510G
P134 F 68 14 1 1 2015Jun12 ¢ 1529T
P135 M 33 14 3 23 2015Jun11 t 1529T
2015Jun 17 1 1529T
P148 F 39 16-36 2 6 2015Jun 11 KT868876.1 1529T
P155 F 42 14 1 1 2015Jun12 t WT/I529T/D510G
P157 M 60 14 4 35 2015Jun22 ¢ 1529T
P162 M 33 14-? 3 18 2015Jun22 t 1529T
2015Jun 22 KX034098.1 1529T
2015 Jul 1 1 1529T
P163 F 52 119 3 23 2015Jun 19 KT374051.1 WT
2015Jun 29 KT374050.1 WT
P164 F 35 14-? 2 11 2015Jun21 t 1529T

Page 4 of 7



Plausible Clinical Fever Sampling GenBank MERS-CoV spike

Patient ID Age, y source severity  duration, d date accession no. mutations}
P168 M 36 14-76 1 2015Jun 21 KT374056.1 D510G

2015 Jun 24 KT374057.1 D510G
P169 M 33 14-135 18 2015Jun 26 ¢ 1529T

2015Jun 26  KX034099.1 1529T
P172 F 61 16-? 26 2015Jun 22 KT868877.1 1529T
P177 F 49 14 17 2015Jun 28 ¢ 1529T

2015 Jul 1 T 1529T

2015 Jul 3 T 1529T

2015 Jul 3 KX034100.1 1529T

*ID, identification; MERS-CoV, Middle East respiratory syndrome coronavirus.

tPark et al. (4).

1Spike sequences with mixed genotypes including wild type or indicated mutants were labeled as yellow-background or single genotype as gray-
background in samples of targeted deep sequencing. Dominant amino acid sequences, occupying more than 50% in targeted deep sequencing were

indicated.
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Appendix Table 2. Summary of honsynonymous mutations observed in spike sequences reported during the outbreak in South Korea*

GenBank Nonsynonymous spike mutations
Patient ID Isolation date  accessionno. H91lY R301C VY351H D510G 1529T V534L R529H V7181 Q1020R Q1056R A1193E V1209A W1300# P1347L
1 2015 May 19  KT182958.1 - - - - - - - — _ — _ — — _
2015 May 22 KT326819.1 - - - - + - - — + - — - — —
2 2015 May 20  KT029139.1 - - - - - + - — + - — - — —
9 2015 May 28  KT182953.1 - - - - - - - - + - - — — _
10 2015 May 27  KT006149.2 - - - - - - - - + _ + " _ _
2015 May 28  KT036372.1 — - - - - - - - + - — — — —
12 2015 May 28  KT182954.1 - - - - + - - - + - - — — _
13 2015 May 28  KT182955.1 - - - - + - - — + - — - — —
14 2015 May 30  KX034093.1 + - - - + - - — + - — - — —
2015 May 31  KT374052.1 — - — - + - - - + — — — — —
2015 Jun 13 KT374053.1 — - - - + - - - + - — - — —
15 2015 May 30  KT182956.1 — - - - + - + - + - — - — —
16 2015 Jun 11 KT868865.1 — - — - + - - - + — — — — —
23 2015 Jun 11 KT868866.1 — - - - + - - - + - — - — —
24 2015 Jun 8 KT868867.1 — - - - + - - - + - — - — —
30 2015Jun 8 KT868868.1 - - - - + - - - + - - - - -
31 2015 Jun 11 KT868869.1 — - - - + - - - + - — - — —
35 2015 Jun 3 KT374054.1 — - - - + - - - + - — - — —
2015 Jun 8 KU308549.1 — - — - + - - - + — — — — —
2015 Jun 18 KT374055.1 — - - - + - - - + - — - — —
38 2015Jun 10  KT868870.1 - - - - - - - - + - - - - -
42 2015 May 30  KT182957.1 - - - - + - + - + - — - — _
50 2015 Jun 11 KX034094.1 - - - + - - - - + - — - — —
54 2015 Jun 9 KT868871.1 - - - - + - - - + - - - W/t —
66 2015 Jul 4 KX034095.1 — - — + - - - - + — — — — —
77 2015 Jun 17 KX034096.1 — - - - + - - - + - — - — —
80 2015 Jun 17 KX034097.1 - + - + - - - - + - — - — —
82 2015 Jun 10 KT868872.1 — - — - + - — + + — — — — —
85 2015 Jun 10 KT868873.1 — - - - + - - - + - — - — —
110 2015 Jun 11 KT868874.1 — - - - + - - - + - — - — —
122 2015 Jun 10 KT868875.1 - - - + - - - - + - - - - -
148 2015 Jun 11 KT868876.1 — - - - + - - + + - — - — —
162 2015 Jun 22 KX034098.1 — - - - + - - - + - — - — —
163 2015 Jun 19 KT374051.1 — - - - - - — - + + — — — —
2015Jun29  KT374050.1 - - - - - - - _ + + _ _ _ _
168 2015 Jun 21 KT374056.1 + - - + - - - - + - — - — —
2015 Jun 24 KT374057.1 + - - + - - - - + — — — — +
169 2015 Jun 26 KX034099.1 — - - - + - - - + - — - — —
172 2015 Jun 22 KT868877.1 — - Y/Ht — + - - - + - — — — —
177 2015 Jul 3 KX034100.1 - - - - + — — - + - - - - _

*Nonsynonymous mutations observed by comparative analysis with the first isolate from P0O01. ID, identification; +, positive; —, negative. .
tMixed sequences.
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Appendix Table 3. Nucleotide sequence differences oberved in wild type and 1529T mutant Middle East respiratory syndrome

coronavirus isolates used in this study*

Nucleotide position WT (KT029139.1) 1529T (KT868873.1) ORF** Amino acid mutation
19075 G A ORF1 NS

23041 T c S 1529T

23043 c G S V534L
23303 T C S NS

24383 c T S NS

25968 T A ORF4a NS

26109 T C ORF4a NS

*NS, nonsynonymous; ORF, open reading frame; S, spike; WT, wild-type.
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